Introduction: With an introduction of new ultrasonographic transducers, skin elastography may find an application in dermatology and aesthetic medicine enabling direct evaluation of various pathological or natural processes. Aim: To verify which elastographic technique, strain elastography (SE) or shear wave elastography (SWE), is a better candidate for the reference method of facial skin elasticity examination and to determine normal ranges for elastographic parameters in various facial regions. Material and methods: The study included 71 female volunteers (age: 40-67 years, mean: 52 ±7.5 years). All participants were subjected to SE and SWE of the skin in five anatomical regions: the forehead, suborbital regions, cheeks, nasolabial folds and chin. Reference ranges for elastographic parameters were defined as 95% confidence intervals and ±2 standard deviations and estimated by means of ROC analysis. Results: Shear wave elastography parameters, but not SE indices, showed strong inverse correlations with the patient age. No significant correlations were found between SE and SWE parameters of the facial skin. In contrast to SWE, no significant correlations were observed between bilateral SE parameters. Based on these findings, SWE was chosen as the reference method to determine age-specific normative values for the elasticity of the facial skin. Reference and cut-off values of SWE parameters were defined for three age groups. Conclusions: Shear wave elastography is suitable for the determination of elastographic parameters of normal facial skin, and can be used to determine reference ranges thereof. Elasticity of the facial skin decreases considerably with age, and this factor should be considered during determination of reference values for the elastographic parameters.
Introduction
Elastography, a sonographic technique of tissue strain evaluation, was first implemented to clinical practice in the 1990s [1] . Elastography measures the deformability of tissues caused by an external force, typically compression with an ultrasonographic transducer (strain elastography -SE), or the velocity of shear wave propagation within the tissue (shear wave elastography -SWE). Depending on the method, a digitally transformed result of elastography is expressed as a semiquantitative strain of the tissue of interest in relation to the strain of adjacent reference tissue (in SE), or the quantitative parameter of absolute tissue strain in kPa (in SWE) [2, 3] .
Previous studies confirmed applicability of elastography in many medical disciplines, primarily as a method to distinguish between normal and pathologically altered tissues [4] . However, in the vast majority of these studies, elastography was used to examine deeper structures, such as internal organs, the vascular wall and musculotendinous system [5] . Elastographic assessment of the skin may be challenging. This results primarily from the superficial location of the skin, its relatively low thickness, multilayer structure and heterogeneous orientation of collagen fibers [6] . The skin, with an average thickness of 1-2 mm with its epidermis and hypodermis, comprises layers of different elasticity. As a result, elastographic parameters of the skin may be highly variable and poorly reproducible [7] . However, some of these limitations have been overcome in recent years due to the use of highfrequency ultrasonographic transducers suitable for the examination of superficially located regions of interest (ROIs) with small diameters [8] .
Most previous studies using elastography for skin evaluation included patients with cancers [9, 10] , connective tissue diseases or chronic systemic inflammation [11, 12] . These studies confirmed usefulness of elastography in differential diagnosis of proliferative processes and fibrosis taking place in the skin. However, to the best of our knowledge, aside from few experiments [7, 13, 14] none of the previous studies analyzed elastographic parameters of the normal skin or attempted to define reference values thereof. Elastographic parameters of the skin might serve as a measure of its true biological age, guiding the selection of tailored cosmetic-therapeutic procedures and parameters thereof [14] . Moreover, elastography might be used to monitor recovery of the skin after various procedures. However, all these applications of elastography necessitate the identification of reference ranges for facial skin elasticity.
Aim
The aim of this study was to verify which of currently available elastographic techniques, SE or SWE, is a better candidate for the reference method to determine facial skin elasticity and to determine normal ranges for elastographic parameters of the facial skin in five anatomical regions being the most common targets for aesthetic medical procedures.
Material and methods
The study protocol was approved by the Bioethical Committee at the Medical Centre of Postgraduate Education in Warsaw (5/PB-A/2018). All procedures were conducted in accordance with the Declaration of Helsinki in the tertiary University Hospital. The study included consecutive female volunteers referred to the hospital from the private aesthetic clinic before their facial treatment with high-intensity focused ultrasound (HIFU). Only patients aged at least 18 years at the time of enrollment were qualified to the study. Women with visible scars or other skin lesions on the face, present or past history of connective tissue diseases, other autoimmune disorders, diseases of the skin and subcutaneous tissue and/ or peripheral blood vessels, allergy or atopy, surgery or trauma involving the face, as well as active current and past smokers and tanning bed users, were non-eligible for the study.
All participants were subjected to the ultrasonographic examination and elastography of the skin in five anatomical regions of the face i.e.: (1) the forehead on the right and left side, (2) suborbital regions (right and left), (3) cheeks (right and left), (4) nasolabial folds (right and left), and (5) chin (Figure 1 ). Each region was examined separately, with the patient in a supine position.
Sonographic scans were obtained with Toshiba iAplio 900 ultrasonograph with a 5-18 MHz transducer. During examination, the face was covered with a hydrogel pad and a thick layer of gel. The transducer was placed perpendicularly to the skin, and transverse scans were obtained. Upon visualization of the area of interest, the thickness of the dermis and subcutaneous tissue in mm was measured. Then, SWE was performed, after stabilizing the elastographic image. Regions of interest was placed in the center of the screen, to cover a part of the examined structure. Three measurements were taken for each ROI and the average result was recorded. The reference value for the elasticity modulus was set at 100 kPa. The last stage of the examination was SE. Elasticity of the skin was estimated based on its deformability under a slight repeated compression with the transducer, with a soft tissue layer located directly beneath the superficial musculoaponeurotic system (SMAS) as the reference tissue.
Statistical analysis
Normal distribution of the study variables was verified with Shapiro-Wilk test, and their statistical characteristics were presented as arithmetic means with 95% confidence intervals (95% CIs) and standard deviations (SDs), as well as medians and ranges. The power and direction of relationships between pairs of the variables were estimated on the basis of Spearman rank correlation coefficients (R). Intergroup comparisons were conducted with Kruskal-Wallis test with Dunn post-hoc tests. Reference ranges for elastographic parameters were defined with three methods, as 95% CIs, ±2 SD and on the basis of ROC analysis. During the latter, cut-off values of the elastographic parameters, which optimally distinguished between various groups were identified, along with their sensitivity, specificity, positive and negative predictive values (PPV and NPV, respectively) and the areas under ROC curves (AUC). All calculations were carried out with Statistica 10 package (StatSoft, United States) with a threshold of statistical significance set at p ≤ 0.05.
Results
The study included 71 women aged between 40 and 67 years (mean age: 52 ±7.5 years). The subjects were divided into three age groups: 40-49 years (n = 29, 40.8%), 50-59 years (n = 28, 39.4%), and 60 years and older (n = 14, 19.7%). Three subjects in every age group used hormone replacement therapy (HRT). Additionally 12 subjects in the youngest group used oral contraceptives, however 7 among them used pills irregularly due to timing errors or unwanted side effects.
Irrespective of the anatomical region of the face, SWE parameters of the dermis and subcutaneous tissue showed strong inverse correlations with the patient age. Moreover, the age correlated positively (at a threshold of statistical significance) with SE parameters for the dermis of the right forehead and for subcutaneous tissue of the right nasolabial fold. Aside from two exceptions (SE parameters for the dermis in the left suborbital region and for subcutaneous tissue of the left nasolabial fold), no significant correlations were found between patients' body mass index (BMI) and the elastographic indices (Table 1) .
With few exceptions, elastographic parameters of the dermis and subcutaneous tissue did not correlate significantly with ultrasonographically determined thickness of these layers. The only statistically significant associations were observed between SE parameters and thickness of the dermis of the right nasolabial fold (inverse correlation), SE parameters and thickness of subcutaneous tissue in the same area (positive correlation), and SE/SWE parameters and thickness of subcutaneous tissue in the right suborbital region (positive correlations) ( Table 1) .
Strain elastography and SWE parameters of the dermis in all examined regions except for the right nasolabial fold correlated positively with respective elastographic characteristics of subcutaneous tissue in the same areas. However, correlations between SWE parameters of the dermis and subcutaneous tissue were markedly stronger than in the case of SE results (Table 2) .
Bilateral SWE parameters for the dermis and subcutaneous tissue of the forehead, suborbital regions, cheeks and nasolabial folds correlated positively with each other. For SE parameters, significant bilateral correlations were found solely for the cheek dermis and subcutaneous tissue of the nasolabial folds (Table 3) .
Except for SWE and SE parameters of the dermis in the left suborbital region and the left cheek, no statistically significant correlations were found between elastographic parameters measured with the two elastographic methods (Table 4) .
Based on the abovementioned findings, we have chosen SWE as the reference method to determine normative values for the elasticity of the facial skin. Since SWE parameters correlated inversely with the age of the study subjects, the reference values were defined for three age groups. To confirm the appropriateness of the cut-off values for age, we compared SWE parameters for the three groups; the study groups differed significantly in terms of all elastographic characteristics (p < 0.001). The age-specific reference values for the elastographic parameters of the facial skin, estimated with various methods, are listed in Tables 5 and 6 .
Discussion
During the first stage of our analysis, we verified if elastographic parameters of the skin were modulated by age of the study subjects. Previous studies demonstrated unequivocally that aging is associated with a significant decrease in skin elasticity, either determined by elastography or examined with other methods [6, 15] . Our results confirmed these observations, interestingly however, statistically significant inverse correlations between the age and skin elasticity were found solely for SWE, rather than for SE parameters.
We also verified if elasticity of the dermis and subcutaneous tissue correlated with thickness of these two skin layers. A few previous studies demonstrated that a relatively low thickness of the skin may hinder application of ultrasonographic elastography in determination of its elasticity [7, 16] . However, aside from few exceptions, we did not find statistically significant associations between ultrasonographically-determined thickness of the skin layers and their SE or SWE parameters. Therefore, skin thickness does not seem to be a confounder for the presented reference values of elastographic parameters.
During the next stage of statistical analysis, we verified consistency between elastographic parameters of the dermis and subcutaneous tissue in each anatomical region. As mentioned previously, sparse available evidence suggests that elasticity of individual skin layers varies and should be determined separately [13, 17] . Nevertheless, we assumed that if the skin and fat in a given person/given anatomical region are more elastic, this will refer to both these layers. Based on this assumption, we considered a significant correlation between the elasticity of the dermis and subcutaneous tissue in a given region as a measure of the elastographic technique's accuracy. As expected, we found that SWE parameters of the dermis correlated positively with respective elastographic characteristics of subcutaneous tissue and statistically significant correlations existed between either SE or SWE parameters for these two layers. As considerably stronger correlations were observed for SWE parameters, we considered this as another argument for selection of shear wave elastography as the reference method for determining facial skin elasticity. Finally, we checked if bilateral elastographic parameters correlated significantly with each other. While the correlations between all right-and left-sided SWE parameters turned out to be highly significant, aside from few exceptions, we did not find statistically significant rela- tionships between the results of SE for the right and left side of the face. Previous studies did not demonstrate asymmetry in SWE parameters of the skin in various anatomical regions [8] . Perhaps, the lack of significant correlations as documented hereby between right-and left-sided SE parameters of the facial skin resulted from a measurement bias, most likely associated with poor reproducibility of this technique. Low reproducibility of SE parameters for the facial skin may be linked with the fact that in this method, elasticity is determined in relation to the strain of a reference soft tissue underneath. Except for few anatomical regions, the soft tissue layer under the facial skin is very thin and therefore, elastographic measurement may be inadvertently extended onto an underlying bone. A few previous studies showed that this may be a source of a considerable bias during SE-based measurements [16, 18] . During the last stage of the analysis we verified if SE and SWE elastographic parameters for a given region correlated with each other. Aside from two exceptions, we did not find statistically significant correlations between the results of SE and SWE, which does not seem to be surprising in view of the findings presented above. In this study, the results of SE not only did not correlate with respective SWE parameters, but also were not associated with age (an established determinant of skin elasticity) and showed significant bilateral differences. Owing to these potential drawbacks of SE, we have eventually chosen SWE as the reference method to determine the elasticity of the facial skin. Considering statistically (Table 5 ). The appropriateness of such stratification was verified based on the intergroup comparison of SWE parameters. The reference values were estimated with three methods, as 95% Cis, ±2 SD and based on ROC analysis. The normal ranges determined as ±2 SD seem to be more applicable from a clinical perspective, since limits for consecutive age groups are wider and slightly overlap, leaving some space for likely individual variability in elastographic parameters. However, also the cut-off values determined by means of ROC analysis accurately distinguished between various age groups on the basis of some selected SWE parameters ( Table 6 ). The appropriateness of this approach was confirmed by AUC values ≥ 0.95 and very high sensitivity, specificity, PPV and NPV levels. The principal aim of this study was to determine reference ranges for the elastographic parameters of the facial skin in women of various age. To the best of our knowledge, normative values for the elastographic parameters of the skin, either on the face or in other anatomical regions, were not a subject of any published study. Few previous studies involving elastography of the facial skin included patients with various pathologies, primarily malignancies and connective tissue diseases [9, 12] ; even if these studies included control groups, they were too small to define universal reference values applicable for everyday clinical practice. The presented reference values may find an application in many medical disciplines. In this study, we analyzed the elasticity of the facial skin in patients qualified for medical aesthetic procedures. We assumed that these baseline elastographic parameters might be later used to monitor the rate of skin recovery in the early and late post-procedural period. However, the reference values of elastographic parameters of the facial skin might be also applied in other clinical disciplines, e.g. rheumatology. The degree of skin fibrosis is an essential component of many scoring systems used to assess the severity of some connective tissue diseases, e.g. systemic sclerosis [7] . Therefore, SWE might constitute a non-invasive alternative for skin biopsy, used currently in this indication, especially that previous studies demonstrated that elastographic parameters of the skin in patients with systemic sclerosis differ markedly from those determined in healthy controls [19, 20] . Determination of the reference ranges for any parameter requires control for potential confounders. To avoid a selection bias, our study included solely healthy women. Subjects with factors that influence the elasticity of facial skin were not eligible. However, we included patients using hormone replacement therapy and oral contraceptives, considering that this treatment is frequent among patients of age groups studied. The number of patients using HRT in each group was too small to assess its influence on skin elasticity. Moreover, the influence of oral contraceptives among youngest volunteers was not assessed due to a limited sample and irregularity of pill use. It will probably require more attention in future studies.
Our study was not free from other potential limitations. The first was a relatively small sample size, especially in the context of age group analysis. This probably resulted in a number of exceptions that we observed during statistical analysis. Nevertheless, to the best our knowledge, this was the largest elastographic study of the normal facial skin that has been conducted thus far. Second, it cannot be excluded that elastographic parameters determined in this study were influenced by some non-identified confounders. We tried to overcome this potential bias, enrolling solely the patients who satisfied possibly the most exhaustive list of inclusion and exclusion criteria. Finally, the findings presented herein might be biased due to some drawbacks inherent in the elastographic examination of thin, superficially located tissues, such as the skin, or due to the subjective selection of ROI. We did our best to neutralize these potential limitations, using a high-frequency transducer and a hydrogel pad, reducing the diameter of ROI and repeating each measurement to achieve better reproducibility.
Conclusions
The SWE is a reliable method for the determination of elastographic parameters of normal facial skin, and can be used to determine reference ranges thereof. Elasticity of the facial skin decreases considerably with age, and this factor should be considered during determination of reference values for the elastographic parameters.
